The work was aimed on the determination of the role of bulk V 2 O 5 present in vanadia/titania catalysts for toluene partial oxidation. Two catalysts with 1.8 and 11.1 wt% of V were studied by in situ DRIFTS and transient-response methods. Bulk V 2 O 5 was found by FT-Raman spectroscopy only in the 11.1 wt% V/TiO 2 catalyst while monolayer vanadia species (monomeric and polymeric) in both samples. Toluene interaction in the presence of gaseous oxygen showed that the selectivity to benzaldehyde and benzoic acid was similar for the two catalysts. The nature of adsorbed species was also similar. Toluene interaction with the oxidised samples in the absence of gaseous oxygen showed rapid formation of coordinatively adsorbed benzaldehyde ($1625 cm
Introduction
Vanadia supported on anatase is a key catalyst for partial oxidation of hydrocarbons and has been studied extensively during recent decades. 1, 2 Information about the state of the catalyst and the reaction intermediates during operation is of fundamental importance for the understanding of the catalytic processes and can be obtained by in situ spectroscopic techniques. 3, 4 Toluene and o-xylene partial oxidation over vanadia-titania catalysts are reactions of great practical interest which have been thoroughly studied to identify the reaction intermediates. [5] [6] [7] [8] Although the nature of the selective oxidation sites is now widely accepted as the vanadium monolayer species (monomeric and polymeric species), the individual role of each type of surface species (monomeric, polymeric and bulk V 2 O 5 ) during reaction is not completely understood.
Indirect information about the catalytic properties of the different species has been accessed through H 2 temperatureprogrammed reduction. A correlation is observed between the reducibility of vanadia catalysts and their activity in catalytic oxidation reactions. Recently we showed 9 that in the model vanadia-titania system the monomeric species could be more easily reduced by hydrogen than polymeric and bulk V 2 O 5 species. Besselmann et al. 10, 11 confirmed this conclusion with EUROCAT catalysts and obtained the same tendency for the reduction by toluene. Additionally, they showed that the reduced monomeric species are more difficult to oxidise than the reduced bulk vanadia.
To our knowledge, the role of bulk V 2 O 5 in supported vanadia catalysts has not yet been investigated for the partial oxidation reaction, probably due to the low activity of V 2 O 5 in partial oxidation. 12 In this contribution, for the first time, in situ DRIFT spectroscopy at the reaction temperatures is combined with transient-response methods to follow surface transformations and to understand the role of bulk V 2 O 5 during toluene partial oxidation. In addition, FT-Raman spectroscopy was used for the catalysts characterisation.
Experimental Catalyst preparation
Titania support was home-made TiO 2 (with perfect anatase structure) prepared by hydrolysis of tetrapropylorthotitanate ( > 98%, Fluka). The catalyst with low vanadia content (1.8 wt% V/TiO 2 ) was prepared by three steps of VOCl 3 grafting, followed by hydroxylation and drying. The catalyst with high vanadium content (11.1 wt% V/TiO 2 ) was obtained by impregnation with aqueous vanadyl oxalate solutions (prepared from V 2 O 5 , > 99.6% Fluka, and hot aqueous oxalic acid, > 97% Fluka). Three impregnation steps with short intermediate calcinations (20 min, 723 K) were required to reach the desired concentration. Finally, the catalyst was calcined for 2 h at 723 K. Specific surface areas are 57 and 53 m 2 g
À1
and vanadium coverage corresponds 0.37 and 2.6 monolayers (1 monolayer (ML) ¼ 10 V atoms nm
À2
) for low and high content vanadia catalysts, respectively. Henceforth, the samples will be referred as 0.37 ML V/TiO 2 and 2.6 ML V/TiO 2 for 1.8 and 11.1 wt% V/TiO 2 , respectively.
Catalytic activity and transient-response studies
The set-up used for toluene oxidation experiments is described in detail elsewhere. 13, 14 Reagents: toluene (puriss., Fluka), benzaldehyde (puriss., Fluka), O 2 (99.995%) and Ar (99.998%) (Carbagas, Lausanne, Switzerland) were used as received. For all experiments, an amount of catalyst corresponding to 4 m 2 surface area was put in a quartz tubular reactor. The temperature was measured by a thermocouple inserted in the middle of the catalyst bed. The reactor outlet stream was analysed by GC (Perkin-Elmer Autosystem XL) and quadrupole mass-spectrometry (Balzers QMG-421 ). To study toluene interaction with the catalysts in the absence of O 2 , the reactor was purged with Ar after cooling, and then the feed was switched to 2% toluene/Ar.
In situ spectroscopic studies
Raman and infrared diffuse-reflectance (DRIFT) spectra were recorded on a FT-NIR spectrometer (Perkin-Elmer Spectrum 2000) using in situ cells attached to the gas supply system of the set-up used for transient response and catalytic studies. For DRIFTS, the spectrometer was equipped with a diffusereflectance accessory (SpectraTech Collector) and a high-temperature chamber (SpectraTech 0030-102). The MCT detector was used. About 30 mg of the samples were finely ground into an agate mortar and placed in the cup of the DRIFTS cell. A stainless-steel dome with CaF 2 windows covered the cell, and it was cooled with re-circulating water at 323 K in order to avoid product condensation on the windows. The time required for reaching a new steady-state in the DRIFT cell after feed switch was about 10 s. Sample pre-treatment was identical to the transient-response runs. The spectra of the pre-oxidised samples were taken as background. Spectra were averaged on 4-16 scans with a resolution of 4 cm À1 . Liquid benzaldehyde was evaporated in small amount (3 mL) by a single injection through a GC septum, and then the spectra were collected while flow of Ar passed through the cell.
Raman spectra were collected in O 2 (20% in Ar) using a Nd:YAG laser operating at 1064 nm and a filter in order to remove thermal background. Used laser power was in the 10-750 mW range and spectra were averaged over 64 scans with 4 cm À1 resolution. Samples were pre-treated in 20% O 2 / Ar at 673 K for 30 min in a specially designed furnace (Portmann Instruments) allowing access of the laser beam while heating the sample. The spectra were taken at 363 K.
Results and discussion

Raman spectroscopy characterisation
Raman spectroscopy is very useful for the identification of vanadia species present in supported catalysts. 15 Raman spectra of the catalyst are presented in Fig. 1 and they were taken under dehydrated conditions to avoid the influence of ambient moisture on the surface vanadia. 16 Monomeric species (1033 cm À1 , (TiO) 3 V=O) and polyvanadate-like (broad band $920 cm À1 ) species are found on the 0.37 ML V/TiO 2 sample. In all monolayer species the vanadium(V) is tetra-coordinated. 17 In the 2.6 ML V/TiO 2 catalyst, the same monolayer species are observed, but bulk V 2 O 5 , identified by a sharp peak at 996 cm À1 , is also found. Such spectra are typical for vanadiatitania systems.
Catalytic activity and transient-response studies
Steady-state catalytic activity. Both catalysts were tested in toluene partial oxidation under differential conditions at 523 K. The conversion decreased with time, reaching a steady-state value within 100 min (from 6.5 to 2.0% and from 2.0 to 0.5% for 0.37 ML V/TiO 2 and 2.6 ML V/TiO 2 , respectively). High total selectivity to benzoic acid and benzaldehyde (93 and 87%) remained almost constant within the transient period. Coke deposition, blocking the active sites, is responsible for the observed deactivation. 18 Maleic anhydride was also detected in the gas phase with a low selectivity of 2-3%. Thus, it can be stated that for both catalysts, the nature of active sites is the same.
Transient-response studies. It is widely accepted that metal oxides catalyse selective oxidation reactions via the well-known Mars-van Krevelen mechanism, where the catalyst surface is reduced when interacting with the reactant, and is subsequently re-oxidised by gas-phase O 2 in a next step. By following these steps separately, the reactant oxidation mechanism can be studied. Therefore, the transient-response curves have been monitored during interaction of toluene with the preoxidised catalyst.
The evolution of the oxidation products with time is presented in Fig. 2 . The 2.6 ML V/TiO 2 sample shows evolution of large amounts of CO x (CO and CO 2 ) and water within the first 50 s of contact with toluene. This behaviour is accompanied by coke formation on the catalyst surface.
14 Benzaldehyde appears in the gas-phase simultaneously with toluene, indicating that toluene is oxidised by the oxygen of the catalyst.
The 0.37 ML V/TiO 2 sample produces a much lower amount of water and almost negligible quantity of CO x (Fig.  2) . In contrast to the 2.6 ML V/TiO 2 , no benzaldehyde is released into the gas phase. Water formation is indicative of hydrogen abstraction from toluene that is irreversibly adsorbed in large amounts, as has been confirmed by temperature-programmed oxidation. 11, 18 The same behaviour has been described by other authors in highly V-dispersed catalysts. 19 Thus, toluene is activated via adsorption on vanadia centres, but it is transformed to species that cannot be released to the gas phase as benzaldehyde.
In situ DRIFTS study of the catalyst Toluene interaction with low vanadia content catalyst. The DRIFT spectra of 0.37 ML V/TiO 2 during interaction with toluene in the absence of gaseous oxygen at 573 K are presented in Fig. 3 . Surface OH groups participate in the interaction process, as demonstrated by the negative peak at 3638 cm À1 , assigned to hydroxyls on titania uncovered by vanadia. 20 The broad feature around 3600 cm À1 indicates formation of hydroxyl groups with hydrogen bonding, likely due to the generation of water molecules as a consequence of Fig. 1 Raman spectra of the oxidised 0.37 ML and 2.6 ML V/TiO 2 catalysts in dehydrated conditions. toluene interaction (Fig. 2) . Toluene readily interacts with the surface, giving rise to bands below 1700 cm À1 . In the region 3090-2800 cm À1 the C-H stretching bands mainly due to gas-phase toluene dominate, however it almost does not contribute at lower wavenumbers; indeed, the spectrum does not change in shape and intensity except for the 3090-2800 cm
À1
bands after purging the cell with Ar. A band at 1625 cm À1 with a shoulder at 1680 cm À1 is clearly visible. Similar bands have been reported in the literature after adsorption of benzaldehyde at room temperature [5] [6] [7] [8] and are assigned to strongly adsorbed carbonyl compounds, coordinatively adsorbed benzaldehyde in our case. The band at 1625 cm À1 slowly disappears with time and two new bands increase simultaneously, namely at 1531 and 1413 cm À1 , which are the characteristic antisymmetric and symmetric carboxyl stretching bands of benzoates. The bands that are associated with ring vibrations have almost constant intensity throughout the runs. Thus, there is a fast transformation of toluene into strongly adsorbed benzaldehyde, which slowly transforms to surface benzoates, without any release of products into the gas phase (Fig. 2) .
Toluene interaction is accompanied by the fast appearance of a negative band at 2037 cm À1 , assigned to the first overtone of terminal V=O stretching in isolated monomeric species. The peak is very similar to that obtained by reduction with hydrogen at 673 K. 9 The step of catalyst re-oxidation was performed by introduction of O 2 in the DRIFTS cell after purging with Ar. This operation led to rapid formation of new bands in the carbonyl region (Fig. 3, topmost spectrum) . The doublet 1850 at 1780 cm À1 corresponds to the antisymmetric and symmetric stretching of cyclic anhydrides, and can be assigned to physically adsorbed maleic anhydride. The negative band at 2037 cm À1 was still present and was completely removed only after total oxidation of the adsorbates at 673 K.
Benzaldehyde interaction with low vanadia content catalyst. In order to elucidate the surface species, which can react with gas-phase O 2 to form maleic anhydride, the interaction of gaseous benzaldehyde with 0.37 ML V/TiO 2 catalyst was studied at 573 K. The recorded spectra are shown in Fig. 4 . The band at 1716 (C=O stretching), 2797 and 2718 (doublet due to Fermi resonance between C-H stretching and the first overtone of CHO deformation) may be ascribed to weakly adsorbed or gaseous benzaldehyde. Surface OH groups participate in the interaction as seen by the negative band at 3645 cm
, and a weak negative V=O band (2033 cm
) is observed as well. The coordinated aldehyde bands are observed (1631 cm À1 peak and shoulder at $1680 cm
) in the same position as reported for toluene interaction. They slowly evolve into surface benzoates, in a fashion very similar to that observed during toluene interaction. The stretching frequencies of the carboxylates are separated by a smaller gap than in toluene interaction, pointing to a different coordination geometry for the benzoate anions. 8 After 1200 s of interaction, O 2 was introduced and no change in the shape of the spectra was observed. Thus, adsorbed benzoate species obtained by benzaldehyde interaction are stable and cannot be further oxidised by gasphase O 2 . Therefore, formation of maleic anhydride observed after O 2 introduction on 0.37 ML V/TiO 2 ( Fig. 3) has to occur by oxidation of species obtained by the interaction of toluene with the vanadia centres, but not from adsorbed benzaldehyde.
Toluene/O 2 interaction with low vanadia content catalyst. In the direct interaction with a toluene/O 2 stream, the availability of gas-phase oxygen can push further the oxidation of the reactant. The spectra evolution is shown in Fig. 5 . Benzaldehyde and benzoic acid are the main gas-phase products besides small amounts of maleic anhydride and CO x . Accumulation of maleic anhydride on the surface is apparent from the evolution of the bands at 1850 and 1785 cm À1 . The peak at 1754 cm À1 may correspond to coordinated maleic anhydride. The bands at 1682, 1417, 1323 and 1287 cm À1 increase with time and likely correspond to adsorbed benzoic acid and/or coupling products such as methylbenzophenone. The deposits of those low-volatile products are responsible for the deactivation of the catalyst. 18 To rule out the possibility that the observed bands derived from products adsorbed on the cell windows, the 0.37 ML V/TiO 2 catalyst that underwent 60 min of toluene oxidation in the tubular reactor and cooled in Ar, was put in the DRIFT cup without the CaF 2 windows. The DRIFT spectrum of this sample, taken with respect to the fresh oxidised catalyst, presented bands in the same position as during the in situ DRIFTS experiments.
Toluene interaction with high vanadia content catalyst. Fig. 6 shows DRIFT spectra of the 2.6 ML V/TiO 2 catalyst during toluene interaction in the absence of gaseous oxygen. In contrast to the 0.37 ML V/TiO 2 catalyst, this sample was able to release benzaldehyde into the gas phase by interaction with toluene (Fig. 2) . The band associated with adsorbed benzaldehyde is observed at lower wavenumbers (1613 cm À1 ), indicating lower C=O bond strength and consequently stronger interaction of the adsorbed molecule with the catalyst surface. The coordinated benzaldehyde transforms to benzoate more quickly on this sample compared to the 0.37 ML V/TiO 2 catalyst. High amounts of benzoates are formed, as can be estimated from the 1517/1416 cm À1 bands. In addition, a medium peak appears at 1670-1682 cm À1 . Its position is very similar to the one of the most intense bands observed for the 0.37 ML V/TiO 2 catalyst when toluene is oxidised in the presence of O 2 (Fig. 5) , and is assigned to benzoic acid. This implies that the 2.6 ML V/TiO 2 catalyst is able to oxidise toluene to benzoic acid under oxygen-free conditions. However, even though oxidation of benzaldehyde to benzoic acid is possible, no maleic anhydride is detected, thus proving the requirement of gaseous O 2 for its formation.
It is noteworthy to observe the vanadyl region in detail. The monomeric vanadyl peak at $2033 cm À1 possesses a shoulder at 1971 cm À1 that can be assigned to the first overtone of terminal V=O stretching in bulk V 2 O 5 . This shows that under these conditions, the reactant oxidation takes place at the expense of oxygen coming from the bulk V 2 O 5 , that is indeed only slightly active as an oxidation catalyst.
Comparison between low and high vanadia-content catalysts Toluene/O 2 interaction with the 2.6 ML V/TiO 2 catalyst was also studied, and the spectra obtained closely resemble those obtained for the 0.37 ML V/TiO 2 catalyst (Fig. 5) . No noticeable differences in the signals due to the organic surface intermediates were observed. It is instead noteworthy to compare spectra of the vanadyl regions of the two catalysts obtained in toluene and toluene/O 2 atmosphere (Fig. 7) . When the 2.6 ML V/TiO 2 catalyst is interacting with toluene (curve b), a shoulder at 1971 cm À1 (V=O in bulk V 2 O 5 ) is present, which disappears when O 2 is present in the gas mixture (curve a). In addition, the vanadyl band intensity is higher under anaerobic conditions. In contrast, the spectra of the 0.37 ML V/TiO 2 (curves c, d) show no remarkable differences between oxygencontaining and oxygen-free conditions. This observation signifies that the presence of crystalline V 2 O 5 lowers the extent of reduced monomeric species under aerobic working conditions. The lower extent of reduced monomeric species of the 2.6 ML V/TiO 2 catalyst can be explained by O 2À migration from the bulk to the monolayer vanadia, and a fast re-oxidation of the bulk phase by gaseous O 2 . This '' indirect route '' for active site re-oxidation is supposed to be faster compared to the direct oxidation of the reduced monolayer by gaseous oxygen, as illustrated in Scheme 1.
The results are in agreement with the observation that the monomeric species are easier to reduce but harder to re-oxidise than bulk vanadia. Under anaerobic conditions oxygen atoms of the 0.37 ML V/TiO 2 are available for product formation on the surface, but no product desorption occurs. Desorption only occurs when the lattice oxygen consumed in the oxidation can be replenished. The coupling between product desorption and site reoxidation was first proposed by Boreskov 21 who termed the process as an associated mechanism. As re-oxidation of the monolayer species takes place by oxygen migration from the bulk V 2 O 5 on 2.6 ML V/TiO 2 oxidation products can be released to the gas phase even in anaerobic conditions.
Conclusions
Two catalysts, one containing monolayer vanadium species only (0.37 ML V/TiO 2 ) and the other monolayer plus crystalline V 2 O 5 (2.6 ML V/TiO 2 ) were studied in aerobic (toluene + oxygen) conditions and transient conditions by switching between toluene and O 2 streams (redox decoupling). Under aerobic conditions, both catalysts were effective in producing benzaldehyde and benzoic acid with high selectivity. DRIFT spectra show the disappearance of the band assigned to the V=O moiety (2037 cm À1 ) in monomeric species and the accumulation of strongly adsorbed maleic anhydride and benzoic acid, responsible for the catalysts deactivation.
In the absence of O 2 , toluene interaction with the 0.37 ML V/TiO 2 catalyst resulted in water in the gas phase and toluene was irreversibly adsorbed on the surface. DRIFT spectra indicated formation of coordinated benzaldehyde and its slow transformation to carboxylate species on the surface, but no oxidation products were released to the gas phase.
In contrast, toluene interacting with 2.6 ML V/TiO 2 produced gas-phase benzaldehyde and CO 2 . V 2 O 5 was observed to provide oxygen for product formation. From the spectra in the V=O region it follows that monomeric species are involved in these transformations.
We conclude that monolayer species are the key sites for the toluene activation, but benzaldehyde and benzoic acid formation/desorption requires the presence of gaseous O 2 , or bulk V 2 O 5 in oxygen-free conditions indicating the oxygen assisted mechanism of product desorption.
